CAG repeats RNA causes various fatal neurodegenerative diseases exemplified by Huntington's disease (HD) and several spinocerebellar ataxias (SCAs). Although there are differences in the pathogenic mechanisms, these diseases share the common cause, i.e., expansion of cAG repeats. the shared cause of these diseases raises the possibility for the exploiting the common target as a potential therapeutic approach. oligonucleotide-based therapeutics are designed earlier with the help of the base pairing rule but are not very promiscuous, considering the nonspecific stimulation of the immune system and the poor cellular delivery. therefore, small molecules-based therapeutics are preferred for targeting the repeats expansion disorders. Here, we have used the chemical similarity search approach to discern the small molecules that selectively target toxic CAG RNA. The lead compounds showed the specificity towards AA mismatch in biophysical studies including cD, itc, and nMR spectroscopy and thus aided to forestall the polyQ mediated pathogenicity. furthermore, the lead compounds also explicitly alleviate the polyQ mediated toxicity in HD cell models and patient-derived cells. These findings suggest that the lead compound could act as a chemical probe for AA mismatch containing RnA as well as plays a neuroprotective role in fatal neurodegenerative diseases like HD and ScAs.
Results and Discussion
The rationally designed small molecules for this toxic 5′CAG/3′GAC RNA could provide a valuable avenue as a therapeutic approach for these Trinucleotide repeat expansion diseases 22, 24, 25 . Therefore, we have used chemical similarity search to explore new potent small molecules that could be utilized to target the pathogenic CAG repeats, causing HD and SCAs. chemical Similarity search for Myricetin similar compounds. The 3D shape of small molecules is an important determinant of activity and functions 26, 27 . Recently, shape-based small molecule screening has been considered as a promising tool in drug discovery because it encouragingly provides new molecules with better affinity and selectivity 28, 29 . Herein, we have performed the chemical similarity approach and collected small molecules from the National Cancer Institute (NCI) with features that strongly predispose them to bind with RNA. The similar shape and structure of the molecules help it to bind within the same pocket and concurrently, exhibited similar biological activates. NCI database is an easily accessible database that contains more than 250,000 compounds with broad chemical spaces along with complete stereochemistry specifications. Rapid Overlay of Chemical Structures (ROCS) 30 software uses 3D shape algorithm for 3D shape comparison between two molecules. The Gaussian function of ROCS helps to fasten the 3D shape-based calculations due to the involvement of maximal intersections of the volumes of two molecules. The compounds with complete stereochemistry specification and reliable 3D coordinates of stereoisomers were chosen for screening. The chemical similarity search of the compounds was done using Omega 2.3.2 (v 2.02) software 31 from OpenEye Scientific Software. Chemical similarity search uses two different matrices: Shape Tanimoto coefficient 29 for 3D similarities and color score 32 for 3D chemistry alignment. Colour force field (implicit Mills-Dean) 32 helps to align hydrogen bond donor, acceptor, a hydrophobic group, cations, anions, and rings. The similarity of two compounds is related to either shape or color score that lies in between 0 to 1, which states no or complete similarity respectively. Subsets of the top 19 compounds ( Supplementary Table 1 ) based on similarity with previously reported molecule Myricetin 23 , were obtained from NCI and used for affinity-based screening against 1 × 1 loop 5′CAG/3′GAC RNA. primary screening of small molecules using fluorescence titration study. Several studies have shown that planar compounds are very efficient to bind with RNA motifs; notably, 1 × 1 nucleotide internal loop 22, 23, 33, 34 . We and others have reported some of the natural and synthetic compounds binding with 1 × 1 loop 5′CAG/3′GAC RNA 23, [35] [36] [37] .
Compounds were further screened using the fluorescence titration study, against 1 × 1 loop 5′CAG/3′GAC and a control 5′CAG/3′GUC RNA. The codes were assigned to each of the compounds for better understanding ( Supplementary Table 1 ). Interestingly, we have found some compounds that possess higher affinity for the 5′CAG/3′GAC motif RNA than Myricetin ( Fig. 1, Supplementary Fig. 1 , & Supplementary Table S2 ). The compounds that harbor comparatively less affinity for 1 × 1 loop 5′CAG/3′GAC RNA than control duplex 5′CAG/3′GUC RNA were not considered for further studies (Fig. 1a ). Rest 7 compounds with high-affinity for 1 × 1 loop 5′CAG/3′GAC RNA was proceeded for further screening with (5′CAG/3′GAC)x6 loop RNA ( Fig. 1b ) using fluorescence titration study. Out of 7 compounds, only 3 compounds showed a higher affinity for (5′CAG/3′GAC)x6 RNA as compared to our previously reported compound Myricetin ( Fig. 1c , Supplementary  Table S3 ) 23 . Moreover, these 3 compounds obtained from primary screening showed almost similar distances between two distant atoms as presented in Myricetin which further affirms our chemical similarity-based approaches and strengthens the notion of exhibiting the similar biological activity ( Fig. 1d ).
Secondary screening of small molecules against target RnA using isothermal titration calorimetry. Isothermal Titration Calorimetry (ITC) has been considered as a valuable tool to study the interactions of small molecules with different macromolecules including proteins 38 , DNA 39 , and RNA 40 . ITC can detect the heat associated with the chemical reactions between small molecules and macromolecules without the use of the labeled fluorescence or any other modifications. ITC was performed for the compounds that have a better affinity for (5′CAG/3′GAC)x6 RNA (Fig. 2 ). Out of these seven compounds and Myricetin, CP2, CP6 & CP13 have shown the affinity in the nanomolar range, and their K d values were comparable with the K d values obtained from fluorescence titration study ( Supplementary Table S4 ). To ascertain the selectivity of CP2, CP6, and CP13, we have also performed ITC of these three compounds with 5′CAG/3′GUC duplex RNA as a control ( Supplementary Fig. 2 ). All three compounds have shown K d values in micromolar (µM) range with 5′CAG/3′GUC RNA, indicating their high selectivity for the 5′CAG/3′GAC RNA ( Supplementary Table S4 ). Several studies have stated the fact that the thermodynamic properties, including high association constants, are strongly associated with the high affinity of small molecules with the target 41 . Also, the negative sign in enthalpy changes (∆H) stands for the thermodynamically favorable interaction between two molecules. Therefore, the high association constant values of compounds CP2, CP6, and CP13 with high negative ∆H are also in favor of high negative free energy of reaction and subsequently supporting the spontaneity of the reaction. After performing the successful screening of these compounds, we proceeded for further studies to assess the specificity of these potential lead compounds with 5′CAG/3′GAC RNA. www.nature.com/scientificreports www.nature.com/scientificreports/ CD, UV melting, and gel mobility assays affirm the specificity of compounds. The binding of small molecules with nucleic acids causes conformational changes; therefore, circular Dichroism has been known as a very valuable technique to assess the binding affinity of compounds with the nucleic acids. Circular Dichroism Spectra of alone RNA was similar to double-stranded A-form-like structure 42 with a large positive peak near 265-275 and a negative peak near 240 nm. Upon addition of compound in RNA up to DN = 4.0, the positive peak near 270 shifts downward while the negative peak near 240 nm shifted upward in (5′CAG/3′GAC)x6 RNA, which is in accord with the base stacking 43 of binding compounds with RNA ( Fig. 3 ). Moreover, changes in the CD spectra were prominent in CP6 & CP13 as compared with CP2 however; mere subtle changes were observed for CD spectra of (5′CAG/3′GUC)x6 duplex RNA as a control. Thermal denaturation assay is an advantageous method to deduce the drug binding information 44, 45 . Thermal denaturation assays were performed using UV spectrophotometer for CP2, CP6 & CP13 with (5′CAG/3′GAC)x20, (5′CAG/3′GAC)x6 and duplex (5′CAG/3′GUC)x6 RNA ( Fig. 4 ).
Compounds showed up to ∼7-9 °C changes with (5′CAG/3′GAC)x20 and ∼3-5 °C (5′CAG/3′GAC)x6 RNA while no significant change was observed with (5′CAG/3′GUC)x6 RNA ( Supplementary Table S5 ) which were in line with CD spectra results and corroborated the specific binding of compounds with (5′CAG/3′GAC) RNAs. Furthermore, to strengthen our observation, we have proceeded with PCR stop assay and gel retardation assay of the compounds with CAG DNA template and RNA, respectively. PCR stop assay was performed for CP2, CP6, & CP13 with the (5′CAG/3′GAC) and (5′CAG/3′GUC) DNA templates. On addition of the compounds with DNA, the intensity of the band decreased in (5′CAG/3′GAC) DNA however, the reduction in the intensity of (5′CAG/3′GUC) DNA templates were not observed significantly ( Supplementary Fig. 3 ). Encouragingly, the significant reduction in the mobility for (5′CAG/3′GAC) RNA in the presence of compounds whereas, no change in mobility was observed for (5′CAG/3′GUC) RNA. These results were consistent with observed specificity of compounds for (5′CAG/3′GAC) RNA obtained from all the above results. ( Supplementary Figure 4 ).
Structural insight of compound binding with cAG RnA using nMR spectroscopy and molecular docking.
RNA is a well-formed tertiary structure with deep pockets and cleft surrounded by hydrogen bonding groups. This well-formed tertiary structure provides a legitimate chemical space for small molecules to bind with RNA. The non-canonical A-A base pairing in CAG RNA delivers the conformational flexibility and dynamic behavior, and thus CAG repeats RNA is a suitable target for small molecule-based therapeutics 20, 23, 46, 47 . We have performed the one dimensional NMR spectroscopy to study the binding of our lead compound CP13 with CAG RNA. A short sequence with 1 × AA loop (5′-rC 1 rC 2 rG 3 rC 4 rA 5 rG 6 rC 7 rG 8 rG 9 )-3′ was used, and the proton assignment was done from our previous study 23 . On gradual addition of CP13 to RNA, the change in the shape of proton resonances, www.nature.com/scientificreports www.nature.com/scientificreports/ as well as the chemical shift, have been observed in RNA ( Fig. 5 ). Interestingly, the chemical shift and changes in proton resonances have been observed either in C 4 A 5 G 6 triad or involving the terminal protons, and these results were in line with our previous studies 23 . In NMR spectra, the peaks A5H8, A5H2, C4H6, and G6H8 broadened on the addition of CP13 and diminished significantly at DN = 2.0 ( Fig. 5a ). Moreover, the C4H6 protons get broadened and separate as an individual peak on increasing the concentration of CP13 to RNA.
All these chemical changes observed in C 4 A 5 G 6 triad also affirm the notion of the specific binding affinity of CP13 with CAG RNA. Furthermore, to assess the involvement of CP13 protons with RNA, we also perform the NMR titration study of CP13 with the gradual addition of CAG RNA. On addition of RNA to CP13 compound, the successive changes in CP13 protons have been observed ( Fig. 5b ) which also corroborates the binding of CP13 with CAG RNA. Additionally, we have also performed two-dimensional NMR spectroscopy of CAG RNA along with CP13 at different mixing time ( Fig. 5 ). In NOESY spectra, at DN = 2.0, some of the peaks, including C4H6, G6H6, and G9H6, were missing ( Fig. 5c,d ). G9H6 is terminal peak which could provide an additional binding site for CP13 however, such terminal sequence of C 1 C 2 G 3 is not feasible in actual pathogenesis condition. In NOESY spectra, some of the peaks got reduced. However, we could not find the cross peaks of CP13 with RNA, which could be due to the overlapping of CP13 resonances with RNA. The absence of NOEs between CP13 and RNA hampered to elucidate the solution structure of CP13-CAG RNA complex. Thus, we intended to perform the molecular docking study with CAG RNA and compounds as we could not be able to elucidate the solution structure due to resonances overlap.
We have conducted the molecular docking studies using Autodock 4.0 48 (The Scripps Research Institute, CA, U.S.A.). RNA was lined entirely within the grid box, and each of the compounds was blindly docked individually using a Lamarckian Genetic Algorithm (LGA) with defined parameters. Although the compounds were free to bind with any of the bases of the RNA however, compounds preferred to bind with the C 4 A 5 G 6 triad with lowest binding energy. The most potent conformer of CP2, CP6, and CP13 compounds bind with RNA with the binding energy of −6.76, −6.84 and −7.43 kcal/mole, respectively ( Fig. 5e-g ). CP13 possess a quinoline moiety which helps to form π-π stacking interaction with the base pairs of RNA. Moreover, the ring attached with the single bond is freely rotatable, which may further enhance the binding with other residues of RNA in its most suitable conformation. The fluorine atom present in the third ring of CP13 also forms strong ligand-receptor interactions due to the non-covalent bonding between the benzene ring of RNA base pairs and halogen atom of the ligand 49 . Moreover, the flexibility of the third ring could provide sites to add some other reactive groups to improve the potency of the compounds further. Several quinoline derivatives are widely reported as neuroprotective compounds due to it's metal chelating or anti-oxidant activities 50 . NMR spectroscopy and molecular docking studies have substantiated the binding of the compounds with C 4 A 5 G 6 triad. However, the validation of reducing the CAG RNA and poly Q mediated toxicity is prerequisite for the therapeutic approaches, and therefore we have further validated our compounds in HD and SCA cellular models to assess the efficacy of these compounds.
compounds alleviated the poly Q mediated toxicity in HD cellular models. Protein aggregates are the primary hallmark of neurodegenerative diseases. Polyglutamine disorders are a type of neurodegenerative disorders, which are characterized by an abnormal expansion of trinucleotide CAG repeat, which codes for glutamine amino acid 51 . Characterization of drugs that can eliminate these toxic proteinaceous inclusions will be a big help in finding a suitable cure against various protein conformational disorders 52 . Several molecules in the past are identified for their efficacy to remove these toxic proteinaceous aggregates from the cell 53, 54 . Previous works have shown the role of protein degradation machinery like autophagy and proteasome in modulating protein aggregation and identifying compounds with the potential of inducing their expression may reduce the toxicity of proteinaceous inclusions 55, 56 . We wished to assess the proficiency of the compounds to inhibit the poly Q aggregation. Expanded polyglutamine expressing COS-7 cells were treated in a separate set of experiments with control and compounds (CP2, CP6, and CP13) for 12 hours each. The same sets of cells were then subjected to microscopic fluorescence analysis in independent experiments to examine the formation of aggregate (Fig. 6) . Compounds inhibited the poly Q mediated aggregation in higher repeats, Q74, and Q84 repeats whereas no detectable changes have been observed in Q23 and Q28 transfected cells.
Additionally, to assess the selectivity of the compounds, COS-7 cells were also transfected with the EGFP-CGGx99 plasmid, which has GG mismatch. Interestingly, the reduction in aggregates was observed to some extent in compounds treated cells. However, the reduction in aggregates was not as much significant as in case of (5′CAG/GAC3′) RNA which further corroborates the selectivity of these compounds for (5′CAG/GAC3′) RNA ( Supplementary Fig. 6a ). Quantitative analysis of aggregate formation for the above set of cells indicates a reduction in expanded polyglutamine aggregate after treatment with all three compounds (Fig. 7) . www.nature.com/scientificreports www.nature.com/scientificreports/ Polyglutamine aggregates in cells tend to produce disturbances in cellular mechanisms either by a gain of functions or loss of functions, and that may finally lead to cell death 10,57-59 . As we found that our screened compounds have potential to reduce the size and number of polyglutamine aggregates, therefore, we searched for the role of all three compounds in providing cellular protection against the proteotoxicity of polyglutamine aggregates. The compounds showed very less cytotoxic effects in fibroblast cells from HD patient-derived cells viz. GM04281 and GM07492. GM04281 cells are derived from HD patient, which has approx 74 repeats, while GM07492 cells are derived from a person with approx 17 repeats ( Fig. 8 , Supplementary Table 6 ).
Additionally, the cell viability analysis was done by MTT assay for expanded polyglutamine expressing cells exposed to CP2, CP6, and CP13 ( Supplementary Fig. 5 ). An increase in cell viability was observed for all the polyglutamine transfected, and CP2, CP6, and CP13 treated cells as compared to control indicating that all three compounds protect cells from the proteotoxicity of polyglutamine aggregates. This also strengthens the notion that these compounds could be a promising candidate for reducing the poly Q mediated disease pathogenesis. Furthermore, the validation of expression of normal and expanded polyglutamine plasmids was confirmed by using anti-GFP antibody (Figs. 7g-i) (Full blot images).
In this study, compounds CP2, CP6, and CP13 were tested for their potential in alleviating the cells from proteotoxicity of expanded polyglutamine aggregates of Huntington's and spinocerebellar ataxias. Different experiments performed during the study, substantiate the effect of the compounds mentioned above in the removal of the cytotoxic proteinaceous inclusions from the cell. A different strategy for evaluating the effect of these drugs on protein aggregation may involve analyzing changes in the level of components of proteins quality control such as E3 ubiquitin ligases like CHIP, MGRN1, ITCH that were previously shown to be effective in modulating accumulation of protein [60] [61] [62] . Many drugs in the past have been observed for their effect on protein degradation machinery (like proteasome), e.g., diclofenac and ibuprofen and analysis of the effect of our screened drugs on proteasome or autophagy may provide the molecular mechanism of action of these compounds in alleviating cells from proteotoxicity of protein aggregates 63, 64 .
Effect of compounds in HD patient-derived cells. Thioflavin T (ThT) has been very widely used to
probe the protein aggregation in various neurological disorders. ThT has characteristic emission profile with emission maxima at 485 when excited at 440 nm, which significantly increases upon binding with protein aggregates 65 . PolyQ mediated aggregates have been studied using ThT assay previously 66 , therefore, to determine whether studied compounds can alleviate the poly Q mediated aggregation, we have performed the ThT assay for protein extracted from HD patient-derived cells (GM04281) (Fig. 7j-l) . In ThT assay, ThT was excited at 440 nm, Moreover, the RFU of cells treated with compounds decreases on increasing the concentration of compounds. All three compounds decrease the RFU of ThT however, the pattern of reducing the RFU was different for all three compounds which could be due to the different mode of binding of the compounds or the mode of action and need to be studied in future (Fig. 7j-l) . Lastly, Quinolone based compounds like CP13 not only provides a hope to become therapies for HD and SCAs but also opens the way to target neurological diseases caused by various other trinucleotide repeats RNAs such as CGG, etc. However, further studies involving other action of mechanisms and testing in animal models could provide hope for these compounds to provide therapeutics for these neurological disorders.
Summary and conclusion.
RNA has always been studied vastly, but its role as a therapeutic target was eclipsed for many years. However, recently, a tidal wave of indispensable discoveries towards RNA as a therapeutic target has provided novel avenues in medicine. Trinucleotide repeat RNAs like (CAG) exp have been www.nature.com/scientificreports www.nature.com/scientificreports/ implicated in various trinucleotide repeat expansion diseases (TREDs) including HD and SCAs. Although the causative agents of these TREDs have been studied many years back, the alleviation of the pathogenesis is a key obstacle. Therefore, therapeutics that could reverse or slow the progression of the pathogenesis of the TREDs is a crucial medical need. The emergence of small molecule-based therapeutics for these TREDs have shown promising avenues. Herein, we have used the shape-based similarity approach for our previously reported compound Myricetin to delve other potent compounds with high affinity and specificity for (CAG) exp RNA.
Moreover, the biophysical studies, including ITC, CD, UV melting, and NMR spectroscopy studies suggested that the compounds were a potent and selective binder of (CAG) exp RNA. In addition to these preliminary studies, our lead compounds also exhibited the potential to alleviate the polyQ mediated pathogenesis in HD cellular models and cells derived from HD patients. Conclusively, our lead compounds could provide new hope as therapeutics for incurable diseases like HD and SCAs. However, further research involving the animal models and elucidation of the mechanism of action of these compounds is still needed.
Material and Methods
Reagents. All Chemicals and solvents like NaH 2 PO4, Na 2 HPO4, (HPLC Grade), D 2 www.nature.com/scientificreports www.nature.com/scientificreports/ from Integrated DNA technology (IDT) Inc. Different plasmids mentioned below were purchased from Addgene (Cambridge, MA, USA). Lipofectamine 3000, OptiMEM, and Antifade Reagent with DAPI were procured from Life Technologies (USA). Anti-GFP and anti-β-actin antibodies were procured from Santa Cruz Biotechnology, Inc., (USA).
Plasmids: pEGFP-C1-Ataxin3Q28 (Addgene-22122), pEGFP-C1-Ataxin3Q84 (Addgene-22123)
RNA preparation and purification. RNA sequences used for biophysical studies and gel retardation assay were prepared by runoff transcription method using synthetic DNA template as previously reported 36 . Briefly, synthetic DNA templates either amplified by PCR or cloned in a plasmid, were transcribed using T7 RNA polymerase, and transcribed products were purified by denaturing 15% PAGE. After UV shadowing, RNAs were extracted using 0.3 M NaCl by tumbling down for overnight at 4 °C.
chemical similarity screening. Virtual screening was done as previously reported 67 . Briefly, virtual screening was done using OMEGA (version 2.5) and ROCS (version 3.2.0.4) software (OpenEye Scientific Software). Discovery studio 4.0 was used to energy minimized (MMFF94 force field). 1000 compounds based on TanimotoCombo scores were ranked as potential hits.
fluorescence titration experiments. Fluorescence titration experiments were performed with multi-mode plate reader as previously described 36 isothermal titration calorimetry (itc) study. MicroCal iTC200 (GE Healthcare, Biosciences Ltd., Sweden) was used to perform all the ITC studies as previously described 36 . RNAs were prepared in 10 mM Na 2 HPO 4 buffer (0.1 M NaCl, and 50 mM EDTA, pH = 7.2). RNA was used in the cell, and the compounds were titrated using a syringe with an initial injection of 0.4 μL with 60 s initial delays. The sample was stirred with 750 rpm, and the reference power was set to 8 μcal/s during whole experiment. The two site binding model was used for data fitting to determine the dissociation constant using origin software version 7 (Microcal Software Inc. Northampton, MA, US) provided with the instrument. circular dichroism. Circular Dichroism (CD) experiment was performed on J-815 Spectropolarimeter (Jasco, Inc. Mary's Court, Easton, Maryland, US) as reported previously 36 . Briefly, RNA (20 μM) was titrated with increasing concentration of compounds in 10 mM Na 2 HPO 4 buffer (0.1 M NaCl, and 50 mM EDTA, pH 7.2). All the CD studies were performed in a quartz cuvette with a 0.2 cm path length. Spectra were recorded at 0.1 nm intervals from 200 nm to 300 nm with a 1 nm-slit width and averaged over three scans. Finally, data were normalized by subtracting the buffer CD spectra from RNA CD spectra as well as RNA-Drug complex CD spectra.
thermal denaturation experiments. Thermal denaturation studies were performed as previsouly published method 36 immunocytochemistry and aggregation counting. The immunocytochemistry and aggregation counting assays were performed as previously reported 36 . Breifly, COS-7 cells were transiently transfected with the desired plasmid. The medium was replaced with fresh medium containing with either DMSO or compounds of interest, after 6-8 hour post-transfection. The cells were washed with PBS and fixed with 4% paraformaldehyde for 15-20 minutes and further permeabilized with 0.5% Triton-X 100 for 5 minutes for immunofluorescence assay. Afterward, 2-3 washing with PBS and mounting with DAPI was done and finally, fluorescence microscope was used to capture the images. Aggregates counting were done by using few of the same set of cells at lower magnification.
Western blot and Mtt assays. Briefly, COS-7 cells were transiently transfected with desired plasmids (EGFP-HDQ23, EGFP-HDQ74, ataxin-3(Q28) and ataxin-3(Q84)). Each set of transfected cells was treated either with DMSO or compounds of interest for 12 hours each. Immunoblot analysis was done with same set of cells 68 . For Cell viability assay, cells viability assay was performed in triplicates via MTT assay as described in a previous publication 69 . thioflavin t fluorescence assay. Thioflavin T assay fluorescence was performed for total protein extracted from HD patient-derived cells treated with compounds of interest. Cells were seeded in 24 well plates for, and media containing a compound of interest was added at 80% confluency of the cells. After 24 hours, the cells were lysed using RIPA lysis buffer and total protein were isolated. At the day of the experiment, 2.5 mM Thioflavin-T (ThT) stock solution was prepared in phosphate buffer and filtered through 0.22 µm filter (Millipore). ThT dye (10 µM final concentration) was applied to untreated (control) and treated sample. ThT alone, as well as the sample containing ThT dye, was excited at 440 nm and emission spectra were recorded at 470-700 nm. SigmaPlot 12.0 software (Systat Software Inc., San Jose California USA) was used to plot the emission spectra of each sample.
